Abstract: A number of biological responses may contribute to the carcinogenic effects of combustion-derived particulate matter (CPM). Here, we focus on mechanisms that trigger CPM-induced pro-inflammatory responses. Inflammation has both genotoxic and non-genotoxic implications and is considered to play a central role in development of various health outcome associated with CPM exposure, including cancer. Chronic, low-grade inflammation may cause DNA damage through a persistent increased level of reactive oxygen species (ROS) produced and released by activated immune cells. Moreover, a number of pro-inflammatory cytokines and chemokines display mitogenic, motogenic, morphogenic and/or angiogenic properties and may therefore contribute to tumour growth and metastasis. The key triggering events involved in activation of pro-inflammatory responses by CPM and soluble CPM components can be categorized into (i) formation of ROS and oxidative stress, (ii) interaction with the lipid layer of cellular membranes, (iii) activation of receptors, ion channels and transporters on the cell surface and (iv) interactions with intracellular molecular targets including receptors such as the aryl hydrocarbon receptor (AhR). In particular, we will elucidate the effects of diesel exhaust particles (DEP) using human lung epithelial cells as a model system.
Outdoor air pollution and airborne particular matter (PM) can cause severe adverse health effects including cardiopulmonary conditions, chronic respiratory diseases and lung cancers [1] [2] [3] [4] . Many of these effects have been attributed to combustionderived PM (CPM) from vehicle exhaust or combustion of biomass, wood, coal and crude oil. Outdoor air pollution, outdoor air PM and diesel exhaust particles (DEP) have been classified as carcinogenic to human beings by the International Agency for Research on Cancer (IARC) [5, 6] .
Most environmental chemicals are likely to trigger cellular effects and toxicity through multiple mechanisms. Cancer development is a particularly complex outcome which involves several distinct phases potentially affected by toxicants. Although the precise sequencing is still not fully elucidated, carcinogenesis involves tumour initiation, tumour formation and progression, matrix remodelling, intravasation, extravasation and metastasis. Important acquisition hallmarks are genetic instability, tumour-promoting inflammation, sustained proliferative signalling, insensitivity to antigrowth signals, replicative immortality, dysregulated metabolism, resistance to cell death, angiogenesis, tissue invasion and metastasis [7] . A variety of biological processes are therefore likely to contribute to the carcinogenic effects of CPM.
Inflammation is a common denominator in the majority of adverse outcome associated with CPM exposure, including carcinogenesis [1, 4] . A number of observations support a central role of inflammation in cancer development: (i) about one in five cancers arise from infections, (ii) chronic inflammatory diseases increase the risk of cancer, (iii) many cancers due to environmental factors are associated with persistent inflammation, (iv) inflammatory cells are central regulators of the tumour micro-environment, and (v) long-term use of aspirin (anti-inflammatory drug) reduced the incidence of several cancers [8] [9] [10] . As illustrated in fig. 1 , the tumourigenic effects of inflammation may partly be related to activated immune cells that release reactive oxygen species (ROS) causing oxidative stress and subsequently leading to oxidative DNA damage [4, 11] . However, damaged tissue cells and activated immune cells also release a number of growth factors and inflammatory mediators contributing to tumour survival and growth, angiogenesis and metastasis [9, 12] . Sustained activation of nuclear factor-jB (NF-jB), the prototypical pro-inflammatory transcription factor, also appears to favour survival and proliferation of tumour cells and helps convert tumour-associated macrophages to a tumour-promoting phenotype [13] . Importantly, the mechanisms involved in triggering inflammatory responses, and hence also the particle properties or constituents responsible for these effects, may vary considerably from those responsible for the genotoxic effects of CPM.
In this MiniReview, we will present the more recent findings on the initial triggering mechanism and central signalling events regulating pro-inflammatory responses following exposure to CPM. The relevance of these signalling mechanisms is clearly not limited to our understanding of CPM-induced carcinogenesis, but extends to other health outcomes associated with combustion-derived air pollution. On a general basis, effects of particle exposure can broadly be divided into those attributed directly to effects of the particle core and soluble particle components, and those more indirectly caused by formation of reactive species such as ROS ( fig. 2) . The key triggering events involved in the activation of pro-inflammatory responses by particles, and soluble particle components can be further categorized into (i) formation of ROS, (ii) interaction with the lipid layer of cellular membranes, (iii) activation of receptors, ion channels and transporters on the cell surface and (iv) interactions with intracellular molecular targets including receptors such as the AhR [14] . These triggering mechanisms involved in inflammatory responses may also regulate other non-genotoxic effects of CPM. It is important to note that even relatively simple cellular responses, such as altered expression of pro-inflammatory genes following exposure to a single chemical, may arise from the combined activation of multiple triggering mechanisms. Such networks of interactions are of course particularly important to consider when elucidating mechanisms of action of CPM which constitutes a complex mixture of different compounds. redox-active transition metals) and adherence of various components are all considered to be important for particle-induced biological effects [14] . Combustion exhaust particles typically consisting of a carbon core with a highly complex mixture of organic chemicals adhered to the surface in which over 50% of the mass may be organic carbon [15] . There has been a general understanding that the organic chemicals play a particularly important role in the toxic effects of combustion PM. This is partly based on the well-known carcinogenicity of components such as polycyclic aromatic hydrocarbons (PAHs) and PAH derivatives. Several, such as benzo[a]pyrene (B[a]P), are known to act as electrophiles directly or after metabolic activation and may cause genotoxicity through formation of DNA adducts and oxidative stress. PAHs may alter DNA repair and cause genome instability, increase cell proliferation and/or inhibit apoptosis, result in loss of contact inhibition, induce epithelial mesenchymal transition as well as increase migration of cancer cells [5, 7, 16, 17] . The organic components of the PM also are important for the triggering of pro-inflammatory responses. Several studies have shown that the pro-inflammatory properties of DEP, and other combustion particles, can be removed by organic extraction, and these organic extracts appear to contain the majority of pro-inflammatory properties from the original native particles [15, [18] [19] [20] . DEP have also been shown in several independent studies to be more inflammogenic than carbon black particles [18, 20] . However, the particle core may clearly also contribute to the effects of combustion PM [21] [22] [23] .
Adhered

PM-Induced ROS versus ROS as a Constitutive Second Messenger
ROS formation and subsequent oxidative stress are considered to play a central role in the induction of inflammatory effects and other effects from PM exposure [24] [25] [26] [27] . CPM may induce ROS formation directly in contact with aqueous media, such as biological fluids, or more indirectly by triggering generation of ROS and reactive nitrogen species (RNS) through the activation of the cellular redox machinery. Both means of ROS (and RNS) formation may be generated by the particles as such, as well as by soluble particle components. The complex role of ROS in the biological responses to CPM exposure is likely to be linked to both the level of response and site of formation. The cells respond to low levels of oxidative stress by increasing antioxidant levels and restoring cellular redox homeostasis partly via an activation of the Fig. 2 . General mechanisms for direct and indirect effects of combustion-derived PM and particle components. Particles may trigger effects through direct reactions between reactive surface or adhered soluble constituents and biomolecules, or indirectly through the formation of reactive oxygen species (ROS). ROS may be generated through reactions between particle surfaces and aqueous media, soluble organic constituents such as PAHs, and quinones may form ROS and reactive electrophilic metabolites through redox cycling and metabolic activation, and Fenton-reactive transition metals may contribute to the formation of highly reactive hydroxyl radicals (
ROS-sensitive Nrf2/ARE pathway [25] . At intermediate levels, oxidative stress leads to the activation of the mitogen-activated protein kinases (MAPKs), and modulation of the activity of central pro-inflammatory transcription factors such as nuclear factor-jB (NF-jB) and activator protein-1 (AP-1) that are linked to production and release of various cytokines and chemokines [14, 25, 27] . Excessive and/or sustained levels of oxidative stress often result in cell death, which mostly will be necrosis due to inactivation of thiol groups essential for caspase activity combined with depletion of energy needed for the apoptotic process. In the in vivo situation, necrotic cell death will result in release of damage-associated molecular patterns (DAMP) representing strong pro-inflammatory signals [28] . However, whether CPM concentrations required to induce cytotoxic levels of oxidative stress could be achieved in real-life situations remains unclear.
Several studies have shown that antioxidants attenuate various particle-induced responses including activation of protein kinases and transcription factors involved in regulation of pro-inflammatory genes [14] . However, it is difficult to determine with certainty whether this is due to interference with primary particle-derived ROS or secondary cellular generated ROS. CPM and other particulates carrying organic chemicals may increase the level of ROS as a consequence of redox cycling of metabolites such as semiquinone species formed after cellular exposure to PAHs or PAH derivatives. Similarly, the presence of transition metals such as iron and copper might undergo redox cycling (Fenton or Haber-Weiss reactions) and contribute to ROS generation. Furthermore, it is important to note that redox processes are also an essential part of physiological processes and are as such tightly regulated. Redox-active mediators including ROS and RNS produced by cellular oxidases act as site-specific mediators of cell signalling and central regulators of inflammatory responses [14] . Reversible oxidation of cysteine residues by H 2 O 2 inactivates protein tyrosine phosphatases, enabling kinase activation. This is a main mechanism of redox signalling and appears particularly important in the activation of receptor tyrosine kinases at the plasma membrane [29] . In line with this, it is well documented that many of the pro-inflammatory genes, including IL-1a/b, TNF-a, CXCL8 (IL-8), IL-6 and COX-2, are at least partly regulated by endogenous redox processes [14] . Effects observed from antioxidant treatment could therefore partly be due to interference with normal redox signalling rather than scavenging of CPM-induced ROS and inhibition of oxidative stress.
Interaction with the Plasma Membrane, Cell Surface Receptors and Ion Channels
The plasma membrane is a highly dynamic, asymmetric, heterogeneous structure composed of distinct domains and constitutes the first cellular barrier that inhaled PM will encounter. According to hydrophobicity, size and charge, the particles as such and chemicals adhered can perturb membrane properties by changing membrane fluidity and composition of micro-domains, thereby affecting activity of transmembrane proteins including receptors, enzymes, ion channels and transporters [30] . Several studies indicate that direct interaction with membrane lipids plays a central role in mediating proinflammatory effects of mineral particles, as reviewed elsewhere [14] . Nevertheless, interactions between combustionderived PM and plasma membrane lipids remain largely unexplored. PAHs commonly found in DEP have been reported to increase the fluidity of cellular model membranes directly, and B[a]P may interact with carbonyl groups of phospholipids [31] . However, rather high concentrations of PAHs (millimolar range) appear to be required [31] . Thus, it remains to be determined whether the sum of lipophilic constituents bound to DEP or other combustion particles are sufficient to alter membrane fluidity directly at relevant concentrations. However, several of the organic chemicals found in the organic fraction of CPM have been reported to change plasma membrane characteristics by more indirect mechanisms. Lagadic-Gossmann and coworkers [30, 32] [34] . In epithelial cells, this Ca 2+ response appears to be involved in the triggering of cytokine and chemokine responses. TRPA1, TRPV1 and TRPM8 are proposed to be activated by mechanical stimuli from the particles, and TRPA1 is also activated by organic extracts from DEP ( fig. 3) . Notably, TRPV channels may regulate Ca 2+ signalling in response to a variety of endogenous and exogenous stimuli and is involved in both store-operated and receptor-operated calcium entry (SOCE and ROCE). Thus, it should also be considered that these Ca 2+ channels also could be activated through more indirect mechanisms triggered by CPM. In fact, this seems to be the case for TRPV4, as discussed below [34] . Proteinase-activated receptor 2 (PAR-2) is a G proteincoupled receptor (GPCR) activated by cleavage of the N-terminal region by serine proteinases resulting in the formation of a so-called tethered ligand. DEP as well as organic extracts of DEP were reported to up-regulate matrix metalloproteinase-1 (MMP-1) in BEAS-2B cells and primary human bronchial epithelial cells, through the activation of PAR-2 and subsequent increased Ca 2+ influx through TRPV4 channels in the plasma membrane [34] . MMP-1 is involved in the breakdown of extracellular matrix and is associated with COPD and associated with cancer growth and metastasis [34] . In extension of this, studies from our laboratory show that PAR-2 silencing suppressed DEP-induced IL-6 responses in BEAS-2B cells [35] . Also in this case, the effect was linked to components in the organic fraction ( fig. 3) . However, whether components of DEP directly target PAR-2 and whether the receptor is actually activated in the classical way (by cleavage of N-termini) remains to be explored. The b2-adrenergic receptor (b2AR) is a well-known plasma membrane-spanning GPCR involved in various physiological responses. b2AR is overexpressed in certain carcinomas and has been linked to cancer cell growth. b2-agonists have also been reported to stimulate inflammatory responses in lung cells [36] . B[a]P appear to interact directly with the ligand binding pocket of the adrenoceptor b2AR at low concentrations (Kd ̴ 10 nM). This led to a subsequent [Ca 2+ ] i increase in endothelial cells and HEK293 cells through a pathway involving activation of G proteins and cyclic AMP (cAMP) [37] . B[a]P-induced [Ca 2+ ] i could be attenuated by targeting b2AR with pharmacological inhibitors, blocking antibodies, or knockdown [37] . Induction of calcium signalling and CXCL8 responses in BEAS-2B exposed to 1-NP, one of the more common PAH derivatives in the organic fraction of DEP, also appears to involve b2AR signalling [33] . Although the 1-NP concentration used in the study (10 lM) was higher than what could be achieved by CPM exposure, it indicates the potential of b2AR signalling to contribute in pro-inflammatory responses from PAH exposure [33] . PAHs have also been reported to impair b2AR function and interfere with asthma treatment [38] . Furthermore, induced mucin production in bronchial epithelial cells by cigarette smoke and cigarette smoke extracts was reported to involve b2AR activation [39] . Thus, b2AR may be another molecular target of organic constituents from CPM ( fig. 3) . However, the role of b2AR in regulation of inflammation remains to be evaluated by the use of CPM, and not only individual compounds known to be present in the CPM organic fraction. As for many of the other mechanisms involved, activation of b2AR alone may not be sufficient to trigger transcription of IL-6 and CXCL8 but rather seems to act in combination with other signalling mechanisms [33, 36] . Fig. 3 . Triggering mechanisms for the activation of pro-inflammatory genes by combustion PM. The figure gives an overview of the various non-oxidant triggering mechanisms for the activation of pro-inflammatory genes by combustion particles. The figure has previously been published elsewhere [14] .
The AhR is a Sensitive Intracellular Target for CPM Polycyclic aromatic hydrocarbons are, however, first and foremost known for the ability to activate the cytosolic AhR. AhR activation appears to be amongst the most sensitive targets of combustion particles, and CYP1 expression is increased by very low concentrations of DEP [40] . CYP-mediated metabolism plays a central role in the genotoxicity of PAHs and other organic chemicals and may also contribute to oxidative stress. However, AhR also possesses several normal physiological functions and plays a central role in regulation of inflammation and immune responses [41] . There is an extensive crosstalk between AhR and NF-jB signalling, and AhR may also be directly involved in transcriptional regulation of several pro-inflammatory genes [42, 43] . However, the role of AhR in regulation of inflammation by CPM and other pollutants appears highly complex as the receptor appears to be involved in both induction and suppression of pro-inflammatory genes [14] . The outcome seems highly dependent on cell type and other combinatory stimuli. Thus, while AhR clearly is a highly sensitive target of the organic chemicals from combustion sources, further studies are needed to clarify its role in regulation of inflammatory responses from CPM exposure.
Exacerbation of Pro-Inflammatory Signalling Through the TACE/EGFR Cascade
The epidermal growth factor receptor (EGFR) signalling cascade represents another key intermediate pathway involved in regulation of pro-inflammatory genes, and appears to be activated and up-regulated in lungs of human volunteers exposed to diesel exhaust [44] . Membrane-bound pro-forms of EGFR ligands such as TGF-a are cleaved and released by the metalloprotease TNF-a converting enzyme (TACE or ADAM17), leading to the activation of the receptor. The TACE/EGFR cascade appears to be activated upon exposure to DEP and a number of air pollution components and affects amongst others the regulation of CXCL8 and mucins [14] . TACE also cleaves and activates proteins involved in adhesion and transmigration of leucocytes across the endothelium, including various adhesion and tight junction molecules [45] . Thus, the TACE/EGFR cascade regulates a number of processes contributing to inflammation in the airways. Beyond its role in regulation of inflammatory responses, aberrant EGFR signalling due to overexpression, mutation or autocrine signalling loops is correlated with progression of various malignancies. EGFR signalling plays a central role in tumour development by promoting proliferation, angiogenesis, invasiveness, decreased apoptosis and loss of differentiation [46] . Thus, understanding how CPM activates EGFR signalling is of particular interest. Although the mechanisms upstream TACE activation remains unclear, GPCRs are known to transactivate TACE/EGFR [47] , providing a potential link to the effects on PAR-2 and b2AR. TACE/EGFR signalling is also under considerable redox regulation ( fig. 4 ). This could conceivably enable EGFR activation by CPM-derived oxidants, but also emphasizes the likelihood that even non-oxidant, triggered pro-inflammatory effects of CPM could be sensitive towards antioxidant treatment, as discussed earlier.
Conclusion and Future Perspectives
As illustrated in this MiniReview, CPMs are likely to trigger cellular effects through multiple triggering mechanisms, and the pro-inflammatory effects most likely arise from the combined activation of several pathways. Understanding the Fig. 4 . An overview of the TACE/EGFR cascade. The metalloproteinase TACE cleaves and releases membrane-bound TGF-a, hb-EGF and amphiregulin, leading to the activation of EGFR. EGFR signalling appears to enhance pro-inflammatory induced by combustion particles.
combined interaction of effects from multiple modes of action is also critical in order to fully understand the mechanisms involved in CPM-induced inflammatory reactions. Furthermore, the dose thresholds for the activation of different triggering mechanisms activated by CPM are likely to vary. Clarifying the dose/concentration of CPM required to trigger genotoxicity versus the various non-genotoxic effects discussed above is therefore of particular interest, as the most sensitive end-points may likely be the most important in cancer development under real-life exposure conditions.
